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Investigation Into the Integration of a Resonant
Tunnelling Diode and an Optical Communications
Laser: Model and Experiment
Thomas J. Slight and Charles N. Ironside
Abstract—A resonant tunnelling diode has been monolithically
integrated with an optical communications laser [the resonant tun-
nelling diode (RTD-LD)] to form a simple optoelectronic integrated
circuit (OEIC) that is a novel bistable device suitable for an optical
communications system. The RTD-LD was based on a ridge-wave-
guide laser structure and was fabricated from an InAlGaAs–InP
epi-wafer grown by molecular beam epitaxy; it emitted at around
1500 nm. Voltage controlled optical–electrical switching and bista-
bility were observed during the characterisation of the RTD-LD –
useful features for a fibre-optic communications laser.
Optical and electrical simulations of the RTD-LD were carried
out using the circuit simulation tool PSPICE. In addition, a dis-
crete component version of the RTD-LD was constructed which
exhibited optical power oscillations, and along with the results of
the simulations, gave insight into the operating principles of the
monolithically integrated RTD-LD.
Index Terms—Driver circuits, integrated optoelectronics, optical
bistability, optical fiber communication, resonant tunneling diodes
(RTDs), semiconductor lasers.
I. INTRODUCTION
I N THIS PAPER, we report the use of a resonant tunnellingdiode (RTD) [1] as a driver for a semiconductor laser to
form a simple optoelectronic integrated circuit (OEIC) that is
a novel alternative to traditional transistor based driver circuits
[2]. The RTD acts as a voltage controlled switch for the laser,
and causes the device (the RTD-LD) to become electrically/op-
tically bistable, making it particularly convenient for nonreturn
to zero (NRZ) digital modulation. Low voltage digital signals
can be employed to switch the device between on and off states.
Furthermore, the RTD and semiconductor laser are vertically in-
tegrated [3] and so only one epitaxial growth stage is required.
Previous work on the integration of tunnelling diodes and
bipolar devices include the vertical integration of a Si–SiGe
heterojunction bipolar transistor (HBT) and resonant interband
tunnel diode (RITD) reported in [4], and the integration of a field
effect transistor (FET) and RTD presented in [5]. Optoelectronic
devices utilising the resonant tunnelling diode/effect include the
resonant tunnelling light-emitting diode (RTLED) [6], the RTD
electroabsorption modulator [7], the resonant tunnelling effect
quantum-well laser [8] and the resonant tunnelling injection
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laser [9]. Grave et al. [10] have demonstrated an integrated RTD/
laser in the GaAs–AlGaAs material system, and have demon-
strated its application as an optical two state memory, but in
this work we are targeting optical communications applications
with the emphasis on increased functionality and an emission
wavelength of around 1.55 m. We have characterised the low
frequency operation of the RTD-LD, demonstrated optical/elec-
trical bistability, and modelled its electrical characteristics using
PSPICE [11].
We previously reported some aspects of the operation of the
integrated RTD-LD [12], here we give a more detailed account
of the development of the device. This paper proceeds as fol-
lows; first we present work on a RTD-LD hybrid module where
we separately characterise the RTD and laser diode. We connect
these in series to form a hybrid integrated circuit (HIC) and then
characterise the HIC. This approach allows us to build up, in a
step by step fashion a model of the RTD-LD HIC. This model is
verified by fitting the overall behavior of the RTD-LD HIC. We
can then use the model to gain considerable insight into the op-
eration of the monolithically integrated RTD-LD. We then dis-
cuss the wafer design, growth and fabrication of the integrated
RTD-LD and use the model developed from the HIC work to
model the results obtained from the the integrated RTD-LD. Fi-
nally, the conclusion includes a discussion of the implications
of this work for OEIC development and further work required
before this device can be implemented in an optical communi-
cations system.
II. RTD-LD MODULE
The RTD-LD module is an RTD/laser diode HIC with sepa-
rate RTD and Laser components connected by a short bond wire.
Generally, HICs are commonly used in optoelectronic trans-
mitter modules and comprise of optoelectronic/electronic de-
vices such as laser diodes and driver integrated circuits mounted
in close proximity and connected via bond wires [13]–[15]. To
the authors knowledge the RTD-LD module is the first HIC to
combine a laser diode and an RTD.
The RTD component of the RTD-LD module was fabricated
from preexisting RTD epimaterial that was originally used in the
work described in [7]. The RTD devices were circular mesas
of area 2000 m formed by wet etching using a metal mask
which also served as the electrical contacts. The laser diode was
a commercial prototype device1 of the ridge waveguide design
with a 5- m ridge width. The laser was designed for contin-
uous-wave (CW) room-temperature operation with emission at
1Fabricated by Intense, a U.K. based manufacturer of laser array modules.
0018-9197/$25.00 © 2007 IEEE
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Fig. 1. Illustration of the RTD-LD module. The RTD and Laser dies are attached to the copper sub mount with silver epoxy, a wire bond is made between them
using a wedge bonder. Alongside is shown the electrical schematic diagram of the resistance, RTD, and laser diode connected in series.
Fig. 2. Solid lines show the I–V characteristics for the RTD-LD module.
Shown from top to bottom are the I–V characteristics for the RTD, the laser
diode, and the RTD and laser diode connected in series. Dashed lines show the
PSPICE model characteristics.
a wavelength of 980 nm. The RTD and LD were attached to a
small copper block using electrically conductive silver epoxy
resin. A wire bond was then made between the LD and RTD,
connecting the two electrically in series. The bond wire itself
was gold and had a diameter of 25 m. The device is illustrated
in Fig. 1.
Fig. 2 shows the current versus voltage ( – ) characteristics
of the discrete devices utilised in the RTD-LD module tested
separately and together. Shown are the – characteristics
(from top) for the RTD, the laser diode, and the RTD and laser
diode connected in series. The effect of adding the laser diode
in series with the RTD is to introduce an additional 1.3 V
voltage drop to the individual RTD characteristic. Also shown
in Fig. 2 are some important parameters for the RTD –
characteristic. Rising from zero bias, the RTD current peaks at
( mA), ( V), before falling throughout
the negative differential resistance (NDR) region to a valley at
( mA), ( V). The current increases
again after the valley region. Fig. 3 shows the optical power vs
voltage ( - ) for the RTD-LD module.
In the RTD negative differential resistance region there is a
clear current/optical power “shoulder” at around 2.5 V (the cur-
rent does not reduce suddenly but reaches a plateau before drop-
ping steeply again). This is not in fact an intrinsic characteristic
Fig. 3. P -V characteristic for the RTD-LD module. The optical power is os-
cillating over the range 2.2–2.8 V. The dotted line gives the result of the PSPICE
simulation.
Fig. 4. Oscillations in the optical power from the hybrid device laser diode at
a drive voltage of 2.54 V. The plot shows the positive and negative deviations
from the average optical power. The repetition rate is 5 MHz.
of RTDs, but arises as a result of oscillations caused by the inter-
action of drive circuit impedance and negative differential resis-
tance [16], [17]. The current “shoulder” results from the Agilent
source voltage meter averaging the oscillating signal from the
RTD-LD module. These oscillations were observed (Fig. 4) in
the optical output of the laser diode using a 100-MHz bandwidth
Ge p-i-n detector in conjunction with a 37 dB amplifier and a
Hewlett Packard 500-MHz bandwidth oscilloscope. The band-
width of the measurement system was limited by the 100-MHz
bandwidth of the amplifier.
The addition of 15 series resistance causes the RTD-LD
module current (Fig. 5) and optical power (Fig. 6) to become
bistable at voltages between the valley voltage of 3.03 V and
the peak voltage of 3.39 V, with a hysteresis loop 360 mV wide.
The current and optical power switch abruptly from “on” to
“off” states and “off” to “on” states at and re-
spectively. The optical power on/off ratio or extinction ratio was
31 dB at a bias of 3.24 V.
To visualise why the RTD-LD module exhibits electrical and
optical bistability with the presence of series resistance it is
worth while considering the graphical technique of load line
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Fig. 5. Solid lines show the I–V characteristic for the RTD-LD module with
the presence of a 15-
 external series resistance. Switching points are labelled
at V and V . Dashed lines show the PSPICE model characteristics.
Fig. 6. Solid lines show the optical power versus voltage (P -V ) character-
istic for the RTD-LD module with 15-
 external series resistance. The series
resistance has caused the optical power to become bistable at voltages around
3.3 V, the hysteresis loop is 410 mV wide. Dashed lines show the PSPICE model
characteristics.
analysis described in detail in [10]. The reason for the high ex-
tinction ratio observed is due to fact that the threshold current
of the laser diode of 24 mA lies between the peak and valley
currents of the laser ( ) such that the laser
switches fully “on” or “off” at the and switching
points.
PSPICE [11]—the general purpose analog circuit simu-
lator—was used to model the dc characteristics of the RTD-LD
module both with and without series resistance. The RTD-LD
module is modelled by a series combination of resonant tun-
nelling diode, laser diode and resistance (shown schematically
in Fig. 1). The RTD model was the one presented by Brown
et al. [18], and was based upon the following equation repre-
senting the dc RTD – characteristic:
(1)
TABLE I
RTD MODEL PARAMETERS USED IN (1) FOR THE RTD-LD MODULE
PSPICE MODEL
TABLE II
LD MODEL PARAMETERS USED FOR THE RTD-LD MODULE PSPICE MODEL
where , , , and are numerical constants, , , and
are integers , is the threshold voltage (voltage below
for which displays a local maximum), is
the voltage of the steepest part of the NDR region, and is
a multiplying factor. The parameters for the RTD model were
calculated using the NonlinearFit function provided in Mathe-
matica (the computer algebra system) to fit the RTD model to
five data points (including , and , ) from
the experimental RTD – characteristic. The parameters used
are given in Table I.
The laser model is the one presented by Tsou et al. [19]. This
model is a SPICE based equivalent circuit model of the optical
and electrical properties of a single quantum well laser diode
with a confinement heterostructure emitting at 980 nm. This
model accurately represents the dynamical operating charac-
teristics of the laser diode, however, only the dc characteristics
are utilised here. The dc optical power versys current ( – )
characteristic of the laser diode model was made to fit the
experimental – characteristic of the RTD-LD module
laser diode by changing the value of a parameter , related
to photon lifetime by (where is a constant
for converting photon population to output power and
is the electronic charge) and by use of a scale factor (multi-
plication of the – characteristic by a constant— ).
Series resistance of 0.8 (extracted from the laser diode –
characteristic) was also added to the model. Values are shown
in Table II. The PSPICE netlist used for the simulation is given
in appendix.
The RTD-LD module simulations without and with the inclu-
sion of 15 series resistance (15.8 including the laser diode
series resistance) are shown as dashed lines in Fig. 2 and and
Figs. 5 and 6, respectively. The fits to the experimental data are
generally close in both cases. Discrepancies do arise between
and points in the simulation and experimental re-
sults for the zero external series resistance case that lead to dif-
ferences in and values between model and ex-
perimental – with 15- series resistance.
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Fig. 7. Cross section (not to scale) of the layout of the ridge waveguide RTD Laser. Cavity length is 500 m giving an RTD active area of 1300 m . Alongside
is a schematic circuit representation of the device.
III. MONOLITHICALLY INTEGRATED RTD-LD
A suitable epi-wafer for the device was grown by molec-
ular beam epitaxy, and consisted of a resonant tunnelling diode
grown above a multiple quantum well laser. The laser section
was based on a design presented in [20] and consisted of six
6.7-nm-thick InGaAs quantum wells with 10-nm InGaAlAs bar-
riers. The RTD consisted of a 5-nm InGaAs quantum well sand-
wiched by strained 2-nm AlAs barriers. The full epitaxial layer
structure is given in Table III. Devices were fabricated based on
the ridge waveguide laser design shown in Fig. 7. In order to
control its active area, the RTD was situated in the waveguide
ridge, between the laser section of the device and the n-type con-
tact. The laser had a cavity length of 500 m, and so with the
2.6- m ridge width the RTD had an active area of 1300 m .
The laser active area was a minimum of 1300 m , with the ac-
tual area dependent on the extent of current spreading beneath
the ridge. RTDs usually operate with n-type material and there-
fore in this design it was necessary to use a p-type InP substrate.
At a temperature of 22 C, the device gave laser emission only
under pulsed current conditions (44-ns pulse length at 1-KHz
rep rate) and with a threshold current of 306 mA and a central
emission wavelength of 1540 nm. Given that this is a voltage
controlled device with characteristics dependant on source re-
sistance, a pulsed current source was not suitable to show the
desired voltage controlled bistability exhibited by the RTD-LD
module. In order to use the same CW voltage source used to
characterise the RTD-LD module the integrated RTD-LD was
cooled to allow CW laser operation.
The dc electrical and optical characteristics of the device
are shown in Figs. 8 and 9. For epilayers up mounting of the
RTD-LD, to obtain CW laser operation, it was necessary to
operate the device at a temperature of 130 K. Optical simulations
have shown that the high room temperature threshold current
and necessarycooling for CW operation were at least due in part
to optical losses in epilayer number 1 (Table III). We anticipate
that with some improvement of the laser design and epilayer
down mounting room temperature operation will be obtainable.
From Fig. 8, we can see that the device is electrically bistable
and thereby optically bistable confirmed by Fig. 9. The width of
the hysteresis loop is 1.3 V and so when dc biased to the middle
of the loop a 0.65 V pulse will switch the laser from on
to off and a 0.65 V pulse will switch the laser from off to
on. The threshold current of the laser (77 mA) is represented by
Fig. 8. Solid curves give the I–V characteristic for the RTD-LD at 130 K
showing electrical bistability. The RTD peak and valley currents are 179 and
14.7 mA, respectively. The dashed horizontal line represents the threshold cur-
rent of the laser. The SPICE model data is given by the dashed curves.
Fig. 9. P -V characteristic for the RTD-LD at 130 K showing optical
bistability.
a dashed line in Fig. 8 and was taken from the optical power
versus current curve in Fig. 10. The condition
, is met in this case, leading to an extinction ratio of 15 dB
in the laser output power between the on and off states when
biased in the middle of the bistable region, so a 0.65 V pulse
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TABLE III
EPITAXIAL LAYER STRUCTURE OF THE MONOLITHICALLY INTEGRATED
RTD-LD. QW: QUANTUM WELL; NID: NOT INTENTIONALLY DOPED
Fig. 10. P –I characteristic for the RTD-LD at 130 K. The laser threshold
current is 77 mA.
can provide 15 dB of modulation. Furthermore with a bistable
device non-return to zero modulation is more easily obtained.
Bistability in RTDs can arise for one of two reasons. The
intrinsic bistability—where charge storage allows two different
states of band bending for one applied bias—has been observed
by Alves et al. [21] and explained theoretically in [22] and [23].
The extrinsic bistability is illustrated in the load line analysis of
[10] and is caused by the presence of the laser diode and series
resistance.
PSPICE was used to model the RTD-LD and determine if the
observed bistability in Figs. 8 and 9 is explainable in terms of the
extrinsic load line effect that produced the bistability observed
in the RTD-LD module with series resistance. The electrical/
optical HIC PSPICE model was simplified to take into account
only the electrical RTD-LD behavior, and to this end, the laser
diode model was replaced with the PSPICE diode model2
(2)
where is the forward diode current,composed of both the
normal current , and , the recombination current.
2OrCAD PSPICE Reference Guide, 1999.
TABLE IV
DIODE MODEL PARAMETERS USED IN (2) FOR FITTING THE INTEGRATED
RTD-LD PSPICE MODEL
TABLE V
RTD MODEL PARAMETERS USED IN (1) FOR FITTING THE INTEGRATED
RTD-LD PSPICE MODEL
is the current generation factor. , and are the ideality fac-
tors, and are the saturation currents and is the thermal
voltage. is the diode voltage. Using a method presented in
[24] whereby the gradient of an RTD – characteristic is mea-
sured at higher biases as it tends to the value , the series
resistance of the RTD-LD was found to be 1 (at 130 K). This
series resistance was added to the simulation.
The diode model parameters were adjusted along with those of
the RTD model using trial and error along with the NonlinearFit
function provided in Mathematica to give the best possible fit to
the experimental RTD-LD – characteristic. Fig. 8 shows the
actual RTD-LD – characteristic overlaid with the simulation
results obtained using the diode and RTD parameters given in Ta-
bles IV and V. The simulation results are consistent with the
load line effect being the cause of the bistability in the RTD-LD.
The diode parameters used in Table IV to achieve the fit are
notably different to those found for typical diodes. Though it is
not unusual to see a wide range of saturation currents depending
on device size etc, the values of ideality factor (5 and 42) fall
well without the typical range (normally 1–2 [25]). These pa-
rameters give the diode model a “high” ( 20 ) differential re-
sistance at lower biases (0 to around 5 V) and “low” (1 as
the – tends to ) resistance at higher biases and hence
in series with the RTD – gives a wide hysteresis loop while
presenting a low measured series resistance. Another factor con-
tributing to the hysteresis loop width is the large value of RTD
peak current which in combination with the series resistance,
increases the value of [26].
To explain the origin of the non-linear loadline behavior we
undertook an investigation of the contacts; a particular aim was
to understand and reduce the width of the hysteresis curve. The
bottom, P-type contact of Ti–Pd–Au was changed to Zn–Au,
with the aim of producing a more ohmic contact [27], however
the device still exhibited a wide hysteresis loop and so this as-
pect of the device requires further investigation.
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Fig. 11. PSPICE netlist for RTD-LD module simulation—Part 1.
The optical spectra for the device at 130 K has a central peak
at a wavelength of 1476 nm. The 130-K operating temperature
shifted the emission peak to a shorter wavelength than the room
temperature wavelength of 1540 nm.
The device can be improved by refinement of the laser section
design in combination with epilayer down mounting to enable
room temperature operation and a lower threshold current. In
addition, with an improved RTD design, and will
be decreased in line with in order to maintain the condition
.
Fig. 12. PSPICE netlist for RTD-LD module simulation—Part 2.
IV. CONCLUSION
We have demonstrated the operation of a bistable monolithi-
cally integrated RTD-LD and have modelled its operation using
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Fig. 13. PSPICE netlist for RTD-LD module simulation—Part 3.
a PSPICE simulation validated from measurements taken on an
HIC. The PSPICE model was modified to take into account only
the electrical RTD-LD behavior, and using suitable fitting pa-
rameters, was a close fit to the electrical RTD-LD behavior.
Because it makes use of the vertical stacking arrangement
of the layers that make up an optical communications laser the
integration of a RTD is a relative simple addition to the laser.
Furthermore, from work presented elsewhere [28], we know
that a top end estimate for a RTD-LD operating in the high op-
tical power state the RTD presents a thermal load on the laser re-
sulting in a 17 C increase in laser active region temperature and a
factor of 1.2 increase in laser threshold current. Providing that the
change in threshold current does not cause the condition
to be violated the device performance should not
be significantly affected by the additional thermal load.
In more general terms, we have outlined a methodology for
developing OEICs. First a HIC is constructed from components
similar to the components in the target integrated device; with
the HIC each component can be separately characterised and the
results fed into a PSPICE model of the HIC which is adjusted to fit
the measurements of the key parameters describing operation of
the HIC. This model can then be applied to the integrated device.
We believe that this integrated RTD-LD can find application
in digital optical communication systems because inherently it
suitable for digital switching. However, to achieve this aim more
work is required on several aspects of the device. These include
high frequency operation and characterisation, reduction of hys-
teresis width in order to decrease the required drive voltage, and
implementation of a circuit to combine RTD dc bias voltage and
drive signal.
APPENDIX
PSPICE NETLIST FOR RTD-LD MODULE SIMULATION
See Figs. 11–13. Parts of the netlist pertaining to the laser
diode model are reproduced from [19].
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